During lens development in vertebrates, the orchestration of multiple transcriptional regulators is essential for fate determination and terminal differentiation. In early development, Pax6, Sox2 and Six3 are expressed in the head ectoderm, while L-maf, Prox1 and crystallin genes are expressed at a later stage in the lens placode in a more restricted fashion. To uncover the genetic interactions among these factors during lens development, we examined the effects of dominant-negative molecules of Pax6 and L-Maf, which play decisive roles in lens formation. The two dominant-negative isoforms of Pax6 repress L-maf, Prox1 and d-crystallin expression, resulting in failure of lens formation. These effects of dominant-negative Pax6 are fully rescued by co-expression with wild-type L-Maf. In addition, dominant-negative L-Maf inhibits the expression of Prox1 and d-crystallin, while misexpression of L-Maf causes ectopic induction of these genes in a Sox-2-dependent fashion. Our results demonstrate that L-Maf is a downstream target of Pax6 and mediates Pax6 activity in developing lens cells.
Introduction
Lens development is an excellent model for developmental biology, since the process involves intercellular signaling between different cell layers, invagination in association with morphological changes in cell shape and terminal cell differentiation (Jean et al., 1998; Kondoh, 1999; Chow and Lang, 2001) . A restricted domain in the head ectoderm responds to an inductive signal from the optic vesicle, following which cells in this region become thick and form the lens placode. Lens placode cells subsequently invaginate and induce simultaneous transformation of the optic vesicle to an optic cup. The invaginated lens cells form the lens vesicle and eventually differentiate into thin-layered lens epithelium and lens fiber cells, which are marked by the expression of structural proteins, such as crystallins. Genetic and developmental studies imply that coordinated interactions of multiple regulatory factors are necessary for proper lens development (Grainger, 1992; Chow and Lang, 2001) . Therefore, studies on the gene cascade in lens formation are significant in elucidating the molecular mechanism of organogenesis.
Pax6 is a key regulator in lens development. The Pax6 gene is expressed in the facial ectoderm (including presumptive lens ectoderm), prior to lens placode formation in vertebrates (Puschel et al., 1992; Li et al., 1994) . Pax6 mutations result in lens malformation in humans, mouse, rat and flies (Hill et al., 1991; Fujiwara et al., 1994; Hanson and Van Heyningen, 1995) . In addition, misexpression of Pax6 induces ectopic eye formation in flies and frogs (Halder et al., 1995; Altmann et al., 1997; Chow et al., 1999) . The Pax6 protein functions as a transcriptional regulator that has a highly conserved DNA-binding motif, a paired domain and a homeodomain ( Fig. 1A ; Ton et al., 1991; Chalepakis et al., 1991; Glaser et al., 1992; Quiring et al., 1994) . Pax6 has two isoforms, a major isoform and a minor splicing variant, designated Pax6B and Pax6A, respectively. Pax6A contains an additional 14 amino acids in the paired domain that alters the DNA-binding specificity of this isoform (Epstein et al., 1994b) , suggesting that the target genes for each isoform are distinct. However, since most previous studies were either performed by misexpression of the Pax6B isoform or with mutants deficient in the common region of the two isoforms, little is known about the specific functions of Pax6A in lens development.
Several transcription factors have been identified as downstream genes of Pax6 during lens development in mice, including Six3 and Prox1 (Ashery-Padan et al., 2000) Sox1, Sox2 and Sox3 are expressed in the ventral head ectoderm and implicated in the direct regulation of d -crystallin gene expression (Kamachi et al., 1998 (Kamachi et al., , 2001 ). Prox1, a vertebrate homolog of the prospero gene in Drosophila, is essential for progression of terminal differentiation of lens fiber cells (Wigle et al., 1999) , hepatocyte migration and development of the lymphatic system (Sosa-Pineda et al., 2000) . In Prox1 homozygous mutant mice, lens cells fail to polarize and elongate properly, resulting in a hollow lens. The involvement of Six3 in lens differentiation was demonstrated by studies on Medaka fish (Oliver et al., 1996) , where ectopic lens was induced by misexpression of Six3. However, none of these factors (including Pax6) display a lens-specific expression pattern. Thus, combinatorial interactions among these transcription factors are critical for determining the fate of lens cells and define the expression of lens-specific factors that promote consecutive differentiation.
Recent studies show that Maf proteins, which are members of the basic leucine zipper transcription factor, play important roles in gene regulation during lens development. Ectopic expression of L-Maf (a lens-specific member of the Maf family) promotes lens fiber cell differentiation in chicken retinal primary cultures and induces expression of crystallin genes in developing chick embryos (Ogino and Yasuda, 1998) . Moreover, c-maf knockout mice display inhibited lens fiber differentiation and crystallin gene expression (Kawauchi et al., 1999; Kim et al., 1999; Ring et al., 2000) . In addition, injection of XmafB or XL-maf mRNA into Xenopus oocytes results in the induction of lensspecific genes (Ishibashi and Yasuda, 2001 ). These studies clearly show the importance of Maf proteins in vertebrate lens development, although regulatory mechanisms for expression of the maf genes are still unknown.
In this study, we analyzed genetic cascades through the ectopic expression of wild-type and dominant-negative Pax6 isoforms and L-Maf in chicken embryo, using in ovo electroporation. Ectopic expression of Pax6 in the head ectoderm neither induced L-maf nor d -crystallin expression and consequently resulted in no discernable phenotype, while the introduction of dominant-negative isoforms of Pax6 (Pax6A-EnR and Pax6B-EnR) into the lens ectoderm inhibited L-maf, Prox1 and d-crystallin expression, leading to a failure in lens formation. Dominant-negative L-Maf resulted in a similar phenotype. However, co-expression with wild-type L-Maf rescued the Pax6 dominant-negative phenotype. In addition, co-expression of Pax6 and Sox2 caused ectopic expression of L-Maf in the head ectoderm. A series of experiments demonstrated that Pax6A-EnR phenotypes were indistinguishable from those of Pax6B-EnR, suggesting that both isoforms have similar potential to regulate downstream target genes, despite their distinct DNA-binding specificities. These results indicate that Pax6 functions in concert with Sox2 in the presumptive lens ectoderm and activates L-maf expression, leading to up-regulation of the downstream genes, Prox1 and crystallin.
Results

Pax6-EnR proteins act as dominant-negative molecules
Our current understanding of Pax6 function is mainly based on results with Pax6 mutant mice or rat in which both Pax6A and Pax6B isoforms are inactivated (Epstein et al., 1994b; Hanson and Van Heyningen, 1995) . To explore . A similar experiment was performed with effector plasmids, Pax6B and Pax6B-EnR, along with the reporter plasmid, P6CON-Luc (C). pEFX-b-gal was used as an internal control to normalize transfection efficiency. The total plasmid concentration was kept constant at 0.5 mg. The relative luciferase activities of the reporter construct are shown as mean 1 s.d. of three independent transfection experiments. Significant repression of Pax6 activity by Pax6-EnR was observed in both cases. the distinct functions of the two isoforms, we examined a dominant-negative phenotype of each isoform. We constructed dominant-negative forms of Pax6 proteins containing the repression domain of the Drosophila transcription factor Engrailed (EnR) and full-length Pax6A or Pax6B isoforms (referred to as Pax6A-EnR and Pax6B-EnR, respectively). The repression domain of Engrailed is a potent repressor of transcription (Jaynes and O'Farrell, 1991) . Upon fusion to a protein with a DNA-binding domain, the EnR domain provides the fusion protein with a strong dominant-negative transcription factor (Badiani et al., 1994; Furukawa et al., 1997) . In all experiments, dominantnegative Pax6A and Pax6B constructs were employed in parallel and results were compared. To confirm that both Pax6A-EnR and Pax6B-EnR proteins (collectively referred to Pax6-EnR) act as dominant-negative molecules with regard to transcriptional activation, we performed transfection assays using a luciferase-reporter plasmid carrying four copies of a target site for Pax6A or Pax6B (5aCON-luc and P6CON-luc, respectively; (Epstein et al., 1994a,b) . Pax6A or Pax6B effector plasmids were co-transfected with the respective reporter plasmids into chick primary retinal cultures and transcriptional activation of the reporter genes was quantified. An average of seven-fold induction of luciferase activity with Pax6A, and ten-fold with Pax6B was observed (Fig.  1B,C ). Significant repression was noted when Pax6-EnR expression plasmids were co-transfected with the respective wild-type Pax6 plasmids. These results indicate that each Pax6-EnR protein acts as a dominant-negative molecule, overriding the activity of its wild-type counterpart.
Pax6-EnR in the presumptive lens ectoderm leads to ocular abnormalities and loss of downstream gene expression
Although a number of studies demonstrate that Pax6 is required for eye development and lens formation, key downstream genes that determine lens-specific cell fate are yet to be identified. In view of the finding that the lens-specific transcription factor, L-Maf, plays an important role in lens development (Ogino and Yasuda, 1998) , we assume that Lmaf is regulated by one of the Pax6 isoforms. To assess this possibility, we examined the effect of Pax6-EnR proteins on L-maf gene expression during lens development. Pax6-EnR expression plasmids were introduced into the lateral head ectoderm of stage 9-10 chick embryos by in ovo microelectroporation. Expression of L-Maf was examined by wholemount immunostaining after 24 h of electroporation. We additionally examined the expression of d-crystallin, a soluble lens structural protein. A green fluorescent protein (GFP) expression plasmid was introduced to monitor incorporation and location of transgenes. In both Pax6A-EnR-and Pax6B-EnR-expressing embryos, ocular abnormalities and loss of LMaf and d-crystallin expression was observed (Fig. 2G-X) , while control embryos transfected with vector plasmid alone displayed normal eyes with no significant effects on gene expression ( Fig. 2A-F) . Among the 62 Pax6A-EnR-expressing embryos examined, 29 embryos showed complete loss of lens (severe phenotype), while no significant effects were observed in only four embryos (Table 1 ). The rest of the embryos showed weak phenotype and reduced expression of genes. The range of severity in phenotypes may be the result of difficulty in precise targeting a defined region by plasmids and variations in chick embryonic stages.
A similar frequency of effects was observed in Pax6B-EnR-expressing embryos (Table 1) Expression of Prox1 and Six3 genes in the lens placode is down-regulated in homozygous Pax6 mutant and conditional Le-mutant mice (Furuta and Hogan, 1998; AsheryPadan et al., 2000) , suggesting that these genes are also downstream of Pax6. We next examined whether the expression of these genes was affected by Pax6-EnR in chicken embryos. Evident reduction of Prox1 expression was observed in transfected placodal cells expressing Pax6A-EnR or Pax6B-EnR ( Fig. 4A -C, J, K and L, M, respectively), compared with the left contralateral side that was untreated. In contrast, neither Pax6A-EnR nor Pax6B-EnR affected expression of Sox2 and Six3 (Fig.  4D -F, N-Q and G-I, R-U, respectively). These results suggest that Prox1 (but not Sox2 and Six3) is downstream of both Pax6A and Pax6B during lens development. Our results collectively suggest that the two Pax6 isoforms have very similar functions in regulating several target genes during early events of lens development.
L-Maf functions as an activator of Prox1 and dcrystallin
Our experiments revealed that Pax6 activity is required for the expression of L-maf and Prox1, which play key roles in lens differentiation (Ogino and Yasuda, 1998; Wigle et al., 1999) . To determine genetic epistasis of these Pax6 downstream genes, we designed loss-of-function and gainof-function experiments for L-Maf. A dominant-negative form of L-Maf (DN-L-Maf) was constructed, in which a putative N-terminal transcriptional activation domain was deleted (Fig. 5A ). The inhibitory function of this construct was evaluated using the reporter assay (Fig. 5B ). L-Maf can transcriptionally activate the a A-crystallin gene, one of the known L-Maf targets, through a binding site in the enhancer region, aCE2 (Ogino and Yasuda, 1998) . When the L-Maf expression plasmid was co-transfected with the reporter plasmid in primary lens cultures, a reporter gene containing the aCE2 region was clearly activated (Fig. 5B) . However, when DN-L-Maf was co-expressed with wild-type L-Maf, activation by wild-type L-Maf was completely inhibited.
Using DN-L-Maf, we next examined the loss-of-function phenotype of L-Maf. DN-L-Maf was introduced into the 
Co-expression of Pax6 and Sox2 induces ectopic L-Maf expression
Our current studies demonstrate that Pax6 activity is required for lens formation and activation of L-maf, d -crystallin and Prox1 and misexpression of Pax6 has been known to induce ectopic eye formation including the lens in Drosophila (Halder et al., 1995) and Xenopus (Altmann et al., 1997; Chow et al., 1999) . To address whether Pax6 alone can induce lens marker genes in chick embryos, we examined the effects of ectopic expression of wild-type Pax6 in the head ectoderm of developing embryos. Pax6A and Pax6B expression plasmids, along with the GFP monitor plasmid, were introduced into the head ectoderm of chick embryos by in ovo microelectroporation. Surprisingly, neither Pax6A nor Pax6B induced L-Maf (Fig. 7A-C and D-F, respectively) or d-crystallin (data not shown), suggesting that other factors are additionally required to activate these downstream genes.
Our results indicated that Pax6 activity is essential but not sufficient for L-maf expression in the head ectoderm to initiate lens placode formation. This strongly suggests that a factor not located downstream of the Pax6 pathway might interact with Pax6 to induce L-maf expression and lens placode formation. Since Sox2 expression in overlying surface ectoderm appears independent of Pax6 activity (Fig. 4D ,E,N-Q) and precedes optic vesicle apposition and lens induction (Kondoh, 1999) , we tested whether a combination of Pax6 and Sox2 could induce L-Maf expression. These two genes were introduced in conjunction to GFP in the head ectoderm, and expression of L-Maf and d-crystallin was examined by immunostaining. L-Maf-positive signals were detected in both Pax6A/Sox2 (Fig. 7G-I ) and Pax6B/Sox2 (Fig. 7J-L) co-expressing cells, although expression was restricted to the ventral region of the head ectoderm overlying the optic vesicle. Similar results were obtained upon immunostaining with anti-d-crystallin antibody (data not shown, Kamachi et al., 2001 ). L-Maf-and dcrystallin-positive cells displayed thickening and invagination, suggesting that the cells are directed to normal placode formation and lens development. We examined various areas in the head ectodermal region. No signal for L-Maf or d-crystallin was observed other than in the ventral region of the eye (Shimada et al., in preparation). These data indicate that Pax6 and Sox2 function cooperatively to activate L-maf and induce lens formation, although these factors alone are not sufficient to confer lens forming potential in most of the head ectoderm, and may require inductive signals from the optic vesicle for Sox2 up-regulation.
Wild-type L-Maf rescues dominant-negative Pax6 phenotypes in placodal cells
Our experiments showed that Pax6 activity is required for expression of L-maf, Prox1 and d -crystallin. However, wild-type Pax6 alone is not adequate for gene activation in non-lens cells. In contrast, L-Maf is sufficient to activate these genes, even in Pax6 non-expressing cells, although complete lens formation is not observed. These observations lead to the assumption that L-Maf functions downstream of Pax6 and can induce lens formation in the specified lens ectoderm with signals from the optic vesicle. To assess this possibility, we performed co-electroporation of Pax6-EnR and wild-type L-Maf expression plasmids into the presumptive lens ectoderm. Under these conditions, the direct effects of L-Maf on the presumptive lens ectoderm in the suppressed Pax6 activity were evaluated. When Pax6A-EnR and L-Maf were co-expressed, nine out of 13 embryos examined displayed complete lens development (Table 2) . Whole-mount immunostaining analyses of the embryos revealed that L-Maf rescued d -crystallin expression (Fig. 8A,B) . Similar results were obtained when Pax6B-EnR and wild-type L-Maf expression plasmids were co-electroporated (Table 2 and Fig. 8C,D) . Immunofluorescent staining or in situ hybridization using sections from co-electroporated embryos revealed that repression of d-crystallin and Prox1 by Pax6A-EnR (Fig. 8E-H,M,N) or Pax6B-EnR (Fig. 8I -L,O,P) was entirely rescued by L-Maf, as evident from the normal morphology of lens-forming tissue (Fig. 8H,L) . These results suggest that L-Maf mediates Pax6 activity and plays a decisive role in lens fate determination and consecutive differentiation.
Discussion
Experiments in this study showed that complete loss of lens occurs when Pax6 activity is suppressed by Pax6A-EnR or Pax6B-EnR in the presumptive lens ectoderm. Pax6-EnR-expressing cells also display loss of L-Maf, Prox1 and d-crystallin expression. We additionally found that Pax6 and Sox2 cooperatively activate L-maf, ultimately resulting in the activation of the downstream genes, Prox1 and d-crystallin. In addition, co-expression experiments with Pax6-EnR and L-Maf showed that L-Maf has the ability to induce entire lens formation in the specified lens ectoderm even when Pax6 activity is deficient, perhaps with the aid of inductive signals from optic vesicles. These results clarify several aspects of lens development discussed below.
Both Pax6 isoforms act as regulators of L-maf, Prox1 and d -crystallin and promote lens formation
A comparison of loss-of-function and gain-of-function phenotypes of Pax6A and Pax6B surprisingly showed very similar effects. In addition, upon misexpression with Sox2, both Pax6 isoforms induced ectopic placode formation and invagination of lens cells along with L-Maf and d-crystallin expression (Fig. 7) . These results suggest that both Pax6 isoforms potentially regulate expression of the same target genes in early lens development. Since the additional 14 amino acid residues in the paired domain of the Pax6A isoform alter DNA-binding specificity (Epstein et al., 1994b) , we hypothesize that Pax6A and Pax6B target distinct sets of genes, but function in concert. Supporting this idea, an acceptor site mutation of alternative splicing leading to an increase in Pax6A causes aniridia in humans The same DN-L-Maf plasmid (5.0 mg/ml) used in B was electroporated in the presumptive lens ectoderm of stage 9-10 embryos. These embryos were subjected to whole-mount in situ hybridization using Prox1 probe (C-E) or immunostaining with d-crystallin mAb (F-H). No reactivity was detected for Prox1 (C,D) or d-crystallin (F,G) in experimental eyes, while contralateral eyes displayed normal reactivity (E,H). Embryo sections revealed that placode and optic cup formation were completely absent (D,G). (Epstein et al., 1994b) , suggesting that the ratio of Pax6 isoforms is critical for Pax6 function. Moreover, overexpression of the Pax6A isoform in lens results in cataract in mice (Duncan et al., 2000) . However, conclusions of previous studies are essentially based on the morphological phenotypes in mature lens. Since our investigations focus on early lens development, this conflict may be explained by specific functions of each Pax6 isoform in later events such as elongation of fiber cells and maintenance of crystallin expression. Another possibility is that the effects of Pax6-EnR proteins may interact with other proteins, since the Pax6-EnR proteins were abundantly expressed. Further studies would elucidate the functional difference between these two Pax6 isoforms.
L-Maf acts as a mediator of Pax6 activity in lens development
Although a number of studies show that Pax6 is required for lens formation, the specific molecules that mediate Pax6 activity to promote lens cell differentiation remain to be identified. Since expression of Pax6 itself is not restricted to lens cells (Harris, 1997) , the downstream target of Pax6 should function as a fate determinant, rather than Pax6 itself. Several lines of evidence strongly suggest that LMaf plays a decisive role in the determination of lens cell fate. Firstly, L-Maf is a key regulator of lens development. Misexpression of L-Maf causes ectopic induction of Prox1, d-crystallin (Fig. 6 ) and aA-crystallin (Ogino and Yasuda, 1998) , while dominant-negative L-Maf represses these genes (Fig. 5C,D,F,G) , indicating that expression is dependent on L-Maf activity. In addition, L-Maf is sufficient to convert retinal primary culture cells into d-crystallin-positive cells that morphologically resemble differentiated lens cells (Ogino and Yasuda, 1998) . Our results show that the dominant-negative phenotype of L-Maf displays complete loss of lens and failure of optic vesicle invagination (Fig.  5D,G) . These data suggest that L-Maf is important, not only for expression of lens-specific genes, but also for fate determination and differentiation of lens cells. Secondly, L-maf is a downstream gene of Pax6. Although none of the Pax6 isoforms alone induce ectopic L-Maf (Fig. 7A-F) , coexpression with Sox2 causes this type of L-Maf expression in the head ectoderm (Fig. 7G-L) . In addition, the dominant-negative forms of Pax6 repress L-Maf expression in a cell-autonomous manner (Fig. 3E-G,Q-S) . Thirdly, L-Maf induces lens formation in the suppressed Pax6 activity. Upon co-expression of Pax6-EnR and L-Maf, a significant number of embryos display complete reversion of effects ( Table 2 ), suggesting that the major role of Pax6 in lens development is the activation of L-maf. These data collectively suggest that the activity of Pax6 during lens formation is mediated by L-Maf in developing lens cells. However, in our experiments, since the dominantnegative L-Maf principally inhibits the activities of other factors that share DNA-binding specificity with L-Maf, we cannot exclude the possibility that other lens-specific transcription factors also mediate Pax6 activity. One of the possible candidates is c-Maf that has been shown to be induced by Pax6 in mouse fibroblast cells (Sakai et al., 2001 ). In addition, c-maf knockout mice exhibit impaired crystallin gene expression and failure of lens fiber differentiation and elongation (Kim et al, 1999; Kawauchi et al., 1999; Ring et al., 2000) . We have also evidence that function and expression pattern of c-Maf and L-Maf in chick are very similar during lens placode formation (K. Yasuda, unpublished data). Therefore, it is possible that c-Maf and L-Maf can function redundantly during early lens development in chick. Fig. 9 schematically represents our proposed model for the developmental mechanism of lens formation. We show Fig. 8 . Pax6-EnR phenotype is rescued upon expression with wild-type LMaf. Co-electroporation of Pax6-EnR and wild-type L-Maf (ratio 1:1) at a concentration of 2.5 mg/ml each, was performed in the presumptive lens ectoderm of stage 9-10 chick embryos. After a further 24 h incubation at 38.58C, embryos were immunostained with L-Maf pAb (A-D). For cryosections, electroporated embryos were embedded in OCT and sections were prepared. Sections were subjected to immunofluorescence staining using dcrystallin mAb (E-L) and in situ hybridization with Prox1 probe (M-P). that co-expression of Pax6 and Sox2 causes ectopic induction of L-Maf and d-crystallin (Fig. 7G-L) . However, Pax6 alone is not sufficient to induce and form ectopic lens (Fig.  7A-F) , suggesting that these factors function co-operatively to confer competence to the presumptive lens ectoderm. Pax6 is expressed in the broader region of the head ectoderm that covers the presumptive lens ectoderm much earlier than apposition of optic vesicle (Collinson et al., 2000) . On the other hand, Sox2 is expressed in the ventral surface of the head ectoderm that also covers the presumptive lens ectoderm, just prior to physical contact between the head ectoderm and optic vesicle (Kondoh, 1999) . Despite the early expression of Pax6 and Sox2 in the head ectoderm, lens placode is not formed until the optic vesicle makes contact with the presumptive lens ectoderm, together with Sox-2 up-regulation in the presumptive lens ectoderm. This implies that unknown inductive signals from the optic vesicle are required for up-regulation of Sox-2 and following proper lens placode formation. In fact, L-maf is induced by Pax6 and Sox2 only in a restricted area overlying the optic vesicle, suggesting that inductive signals from the optic vesicle are required for L-maf activation and subsequent lens formation (Fig. 7G-L) .
Transcriptional cascade in early lens development
L-Maf plays a pivotal role in lens formation and initiates the expression of downstream genes, such as Prox1 (Fig. 6D-F ) and d-crystallin (Fig. 6A-C) . Prox1 is required for the terminal differentiation of lens fiber cells in mice (Wigle et al., 1999) and activates the d-crystallin gene in chick (Fig.  6G,H) . It is reported that Pax6 and Sox2 induce d-crystallin expression in early stages of chick lens development (Kamachi et al., 2001) . In this report, we demonstrate that ectopic expression of L-Maf can induce d-crystallin and that DN-LMaf clearly inhibits d-crystallin expression in lens ( The genetic interactions shown in Fig. 9 are based on studies of others and ours using chick embryos (Kamachi et al., 1998 (Kamachi et al., , 2001 . However, this model may require modification for understanding Pax6 function in various species of vertebrates. For example, misexpression of Pax6 in different parts of head ectoderm has no effect in chick (Fig. 7A-F) , while that in Xenopus causes ectopic eye formation (Chow et al., 1999) . In addition, Pax6-EnR could not inhibit expression of Sox2 and Six3 in chick (Fig. 4D-I , N-U), while loss of Six3 expression has been reported in homozygous Pax6 mutant and Pax6 conditional-knockout mice (Furuta and Hogan, 1998; Ashery-Padan et al., 2000) . These findings imply that Pax6 has a very similar, yet distinct function in lens formation among these organisms. Several issues remain to be resolved to elucidate the entire mechanism of lens development. One of the most important among these is the nature of the inductive signal from the optic vesicle that renders surface head ectoderm competent to express L-maf and form lens placode. An attractive candidate under investigation is bone morphogenetic protein (BMP). BMP7 and BMP4, expressed in the optic vesicle, are important in mouse eye development (Dudley et al., 1995; Luo et al., 1995; Furuta and Hogan, 1998) . In addition, BMP4-null mutant mice show impaired lens formation and loss of Sox2 expression in lens-forming cells (Furuta and Hogan, 1998) , suggesting that BMP4 plays a significant role in lens formation through activation of Sox2 expression in the overlying presumptive lens ectoderm. In chick, Sox2 up-regulation requires inductive signal from the optic vesicle (Kamachi et al., 1998) and our study suggests that L-maf expression also requires an inductive signal from the optic vesicle, hence BMP4 or BMP7 may activate Sox2 and L-maf. Further studies should elucidate the signal from optic vesicle that activates L-maf and induces lens formation by the head ectoderm.
Materials and methods
Isolation of cDNA clones for chicken Pax6 isoforms
To isolate Pax6A cDNA clones, we initially amplified a Pax6 cDNA fragment by reverse transcriptase-polymerase chain reaction (RT-PCR), using RNA from primary cultures of chicken lens and primers corresponding to the conserved paired domain (5 0 -ACCCATGCAGATGCAAAAGTCCA-3 0 and 5 0 -TCTCGGATTTCCCAAGCAAAGAT-3 0 ). The amplified 210 bp fragment was cloned, sequenced and used as a probe for screening a lens primary culture cDNA library (Ogino and Yasuda, 1998) . Fifteen clones were isolated and assembled to obtain full-length Pax6 cDNA. Since no clones contained the entire open reading frame (ORF), we amplified full-length Pax6 cDNA by RT-PCR, using RNA from lens primary cultures and specific primers corresponding to each end of chicken Pax6 ORF (5 0 -ATGCAGAACAGTCACAGCGGCGTGAACCAG-3 0 for the N-terminus and 5 0 -CTGTAATCTTGGCCAATAC-TGAGACATGTC-3 0 for the C-terminus). The amplified 1.3 kb fragment was cloned and sequenced. Two types of cDNA were obtained. Clones that contained the entire ORF were designated Pax6A, while those lacking 42 bp (identical to a previously reported sequence (Li et al., 1997) were denoted Pax6B. One clone was selected from each class and subjected to further cloning procedures.
Plasmid construction
For convenience, we constructed pEFX3FLAG, a derivative of pEFX (Ogino and Yasuda, 1998) containing the sequence for Flag peptide. Pax6A and Pax6B expression plasmids were constructed by subcloning the entire ORF of these two isoforms into the BamHI site of pEFX3FLAG vector (pFG-Pax6A and pFG-Pax6B, respectively). The resulting Pax6 proteins were expressed with the Flag epitope fused to the N-terminal end under control of the human EF-1a promoter. For dominant negative Pax6, pFG-EnR was constructed by inserting the DNA fragment encoding the repressor domain of the Drosophila transcription factor, Engrailed (position 169-1053, Poole et al., 1985) , into the blunted BamHI site of pEFX3FLAG. The ORFs of the respective Pax6 isoforms were subcloned into the BamHI site of pFG-EnR (pFG-Pax6A-EnR and pFGPax6B-EnR, respectively). For DN-L-Maf, the cDNA sequence encoding between amino acid residues 151 and 286 of L-Maf was amplified by PCR and cloned into the NcoI and BamHI sites of pEFX3FLAG to incorporate the Flag epitope at the N-terminus. The resulting fragment containing Flag and truncated L-Maf was subcloned into plasmid pCAGGS (Ogino and Yasuda, 1998) containing a CMV-b-actin promoter (pCAGGS-DN-L-Maf).
For Sox2 expression, the ORF of chick Sox2 was amplified by RT-PCR using RNA from 8-day-old embryos and specific primers (upstream: 5 0 -GTCAAGCTTATGTACA-ACATGATGGAAACCG-3 0 , downstream: 5 0 -TCTGGAT-CCGTCTTCACATATGTGATAGAGGG-3 0 ), and cloned into the HindIII and BglII sites of pCAGGS. 5aCON-Luc and P6CON-Luc reporter plasmids were constructed by inserting four copies of 5aCON: (5 0 -AGCT- (Epstein et al., 1994a,b) into the HindIII site of the tk-Luc vector comprising HSV-TK promoter (Mangelsdorf et al., 1991; Ghazal et al., 1992) . The pCAGGS-L-Maf, paA-Luc, pCAGGS-GFP and pEFX-b-gal plasmids were constructed as previously described (Ogino and Yasuda, 1998) . Chicken Prox1 cDNA (accession no. U46563), generously donated by Dr Stanislav I. Tomarev, was cloned into pcDNA3 vector (Invitrogen) as a NotI PCR fragment.
In ovo microelectroporation
In ovo microelectroporation was performed as previously described (Ogino and Yasuda, 1998) . The plasmid DNA of interest was electroporated into chick embryos at stages 9-10 together with pCAGGS-GFP (ratio 9:1), to monitor efficiency of incorporation of DNA into embryos.
Luciferase assays
Neural retina was isolated from 8-day-old chick embryos and cell culture was prepared as described (Matsuo and Yasuda, 1992) . Co-transfection was performed in 22 mm dishes, using DMRIE-C (Gibco) with 0.3 mg 5aCON-Luc or tk-Luc reporter plasmid, 0.1 mg pEFX-b-gal and 0.1 mg effector plasmid (pFG-Pax6A, pFG-Pax6A-EnR, pFG, pFGEnR). Cell extracts were prepared 48 h after transfection for assay of luciferase activities. Chicken primary lens cultures were prepared according to the procedure of Ogino and Yasuda (1998) . The cells were transfected using the standard calcium-phosphate method with 0.3 mg reporter plasmid (paA-Luc or tk-Luc), 0.25 mg pEFX-b-gal and 0.25 mg pUC119, along with 0.2 mg effector plasmids containing wild-type L-maf or DN-L-maf and empty vector. Cells were harvested 48 h after transfection and assays were performed. To normalize luciferase activity and determine relative transfection efficiencies, b-galactosidase was used.
Cryosection preparation for in situ hybridization and immunostaining
Embryos were fixed in 4% phosphonoformatic acid (PFA), 1% Eagle minimum essential medium (MEM) in phosphate-buffered saline (PBS) overnight, washed with PBS, equilibrated in 10, 20, and 30% sucrose in PBS, dipped in ornithine carbamoyl transferase (OCT) compound to remove excess sucrose and embedded in fresh OCT. After freezing, embryos were subsequently cut into 10 mm sections. Tissue sections were fixed onto glass slides and air-dried for 2 h.
Whole-mount and section immunostaining
Whole-mount immunostaining was performed as described previously (Lee et al., 1995) , using the primary antibodies described below and appropriate secondary antibodies (anti-mouse or anti-rabbit immunoglobulin G-horse radish peroxidase (IgG-HRP) conjugated, DAKO; antimouse or anti-rabbit IgG-Texas Red conjugated, Amersham). Polyclonal rabbit anti-L-Maf antisera were used as previously described (Ogino and Yasuda, 1998) . Crystallin monoclonal antibodies were kindly provided by G. Eguchi (Sawada et al., 1993) . Anti-flag M2 monoclonal antibody was obtained from Sigma. Following whole-mount immunostaining, embryos were re-fixed in 4% paraformaldehyde, 0.1% glutaraldehyde in PBS for 30 min at room temperature and dehydrated through a graded series of ethanol for histological analyses. Dehydrated embryos were treated twice with xylene for 5 min each, incubated in paraffin for 2 h and embedded in fresh paraffin followed by sectioning at a thickness of 10 mm and counterstaining with hematoxylin.
Preparation of cryosections and immunostaining was carried out according to manufacturer's instructions (Research Applications of Santa Cruz Biotechnology, Inc.).
Whole-mount and section in situ hybridization
Whole-mount and cryosection in situ hybridization were performed as described earlier (Henrique et al., 1995) . Antisense RNA probes labeled with digoxigenin-UTP (Boehringer Mannheim) were prepared by in vitro transcription from cDNA templates using T3 or T7 RNA polymerase (Promega). The following regions of the respective genes were employed: Prox1 (1442-2277; Tomarev et al., 1996) ; Sox2 (462-1013; Kamachi et al., 1995); Six3 (473-1185; Oliver et al., 1995) . An alkaline phosphatase-conjugated sheep anti-digoxigenin antibody (Boehringer Mannheim) was used to detect labeled nucleic acids.
